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is probably the dominant force on the projectile early in the ballistic
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representative geometries for projectile obturator bands.

"One of the conclusions from the work done last year to estimate foundation

moment was that the non-linear material behavior of the nylon band was very

important to that estimation. Therefore, this year's work included the
measurement of the mechanical properties of the nylon materials under quasi-

static condit.tons and simulated ballistic loading conditions.. Th-ese prop-

erties were then included in the analytical estimation of the foundation

moment. A companion report, titled "Evaluation of the Deformation Behavior of

Nylon Materials Used in Ballistic Applications," was generated within the
%A funding for the foundation moment project. The results of that study are

*O appropriate to a wider range of applications than the results of just the
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I NTRODUCTION

This document reports the results of the third year of an ongoing study
conducted at the Pacific Northwest Laboratory under the sponsorship of the U.
S. Army Ballistic Research Laboratory. The purpose of the study has been to
investigate and characterize the restoring or foundation moment generated by
the nylon obturating or rotatiing band of a single bore contact projectile
undergoing balloting (wobbling) motion. The inherent transverse stability of
the projectile is directly affected by the ma.nitude of this moment. As such,
the design of: a single bore contact projectile (or for that matter any
projectile with a large obturator or rotating band) will be directly affected
by the results of this project.

"The major conclusion reached from the first two years of this project was that
the foundation moment is indeed large. 'The magnitudo of the moment is similar
in magnitude to the upsetting moment that exists at a projectile's maximum
acceleration, if the center of gravity of a projectile is approximately two
thirds of a caliber behind the center of rotation of the projectile. Indeed,
early in the ballistic cycle, before the projectile reaches maximum accel-
eration and base pressure, the foundation moment is most probably the dominant
force on the projectile. This means that a projectile with its center of
gravity located axially at approximately the center of transverse rotation
could be designed to be inherently stable during launch.

Another conclusion reached from the second year's effort was that it is very
possible that the finite element method may not ultimately be the best design
tool for modelling the projectile's response to transverse motion. This is
not to say that it is the wrong tool for this work, just that further develop-
meent of such a tool is required before it becomes cost effective. lhe finite
element method is, today, the only such tool avai';able to the sabot designer.
Certainly, the material non-linearities of the nylons commonly used for
obturator bands would have to be taken into account in any such analysis.
Modelling the material as linear proved to overestimate the foundation moment
by a significant amount. In most cases this overestimation was more than
twice the measured moment.

Several factors influencing this estimation were discussed in the report last
year including material non-linearities, circumferential mesh refinement of
the finite element models, and boundary condition modelling. In this year's
work, the circumferential element size was more refined, and non-linear
waterial properties were used in the analysis. These analytical results match

more closely the experimental results obtained from this year and last year,
but are still quite high. This is evidently due to the difficulty in precise-
ly specifyin( boundary conditions for the finite element models. Whether or
not all of the obturator or rotating band will be in contact with the gun
barrel at all times is still in question. Certainly, in our low pressure
tests, all of the band is not in contact at all times. In an actual gun
firing, the pressures are considerably higher, and quite probably the entire
obturator band would be in contact with the gun barrel at all times.
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Ti•is isi the nature of the I)oundary condition modelling problem, and why it is
difficult to preciis(ely know how to specify a consistent set of boundary
conditions for the finite element analysis.

A large question still remains, as stated above, about the efficacy of the
finite element method for estimati on of foundation moment. The problem size
and required computer time to perform a full three ditesmsional non-linear
analysis of a complete projectile may be prohibitive. The model projectiles
analyzed and tested in this pruject have been very simple in geometry, and all
of one material. Traditional APFSDS projectiles are considerably more
complex, and would require a much larger model and correspondingly more
expensive analysis to estimate the potential foundation moment. A very

'I exhaustive study of alternatives to the finite element method for this estinma-
tion should be made before[ BRL adopts the method for this particular applica-
tion. This is being done to some extent already with ongoing work at BRL,
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r XITRr11 MENTAI AP'PARATU.S AND) TECH1N! QES

A~ 1:iu~,5h~ ir gio rer I ,is% the S 111c, s wa s (Is ed 1 itSt
hI'LI > ti le lk- c in q (levi co -hown in F:i'Nure I was cons truc ted

1-o" )Ow; vedi) aod the readefr is reforred to the report for lost
1 e(Ierrci o t ion cf the devi ce. The tol lowing descripti on is

faill*,n tr Oiph r'ear of the pro jectil1e (to the left in Ii: re 1) is at

1 rtch di nmt-..er SChewduI -60h steel pipe with a dont'ed prr'ssiire cal) it.
it i lan at ifs rigjht. end. This flancie is mated wiith an

ci mnor weolded to the breech end of il section of gun harrel conta in-
t-t11'0J o c t: 1 e . P ramp-liIke defl ect~ion induction/moment meastireivent.

!,,vIl ( e "Ied i r. Lihe qun barrel after the [projectil1e Is.r forced into the
71w Tis ramp-I ike device resides behind the nylon hand onl the

~ ~ theprojiec tile, a nd in front of a facoted and plate on the rear of
-he Mo. r W

rrcolCi ver tank, is bol1ted onrto the rear of the gunt barrel , aod
-t e is~ ulped to the recei ver. This gas pressure (we usc. a nitroger

II' l-i 1dS 011 behind the projectile, causing the static friction of the
i td t o Ihi't o veor comie . 6 ntd the ( 1 IOJ 0C t: ii1 e itce e ICra t 0S d OWn1 th 11(1qun b ar r l

* ' ( Oiii e faceted plate attached to the rear of the projectile heinq
' tr~l tC#: filte ramlp.

Ptc nd p1 -ite whiich is attached to the projectile iS Iach ind very
m' 1 ".y wit h the facots at. precisely measured dlistances from the certer of

e, ___at flt an be- placed on the proipctilp in such a miann,ýr 'Is
'i'* I Itowl dofI c L~C i on to the rear of the projectile as the proW(;tilo is

!0 tff de ver the r"1 1. There is a rod under thle ramp in the gun ba rrel
'';t broughl an a irt iqhlt fi tt ig Ind 101.1iltPS ite p ezoel ctri c force

r 101,'1er ontd beneath10 tile gun) barrel. This force transducer is used to
oti~uc Hho' force reoui red for the projecti ½ to be deflected by the known

"unt dscribeid above. The output front this force transducer is recordedd
Noci cet P1(Iiqtai 1oscilloscope. 'hi s output., taken with thle known

"!L tn -,i (ivyes us thep foundation moment for a speci fic angular di stutrbance.
Air Itilet -

tu PreszulIze Triggor
System

-~I kil -", t.l I' It,

IL.~~Gu Bmwl... .. .

't!ýcn ei. Domrlc1 uchigDvc

1.PoecieLanhngDvc

04 . . . . . . ..... ~.. 2



llicibove is ag~ain a s impli fi ed discLusSion Of the eXpe(-rimlenta1 a ppat-at~, hI ¾ 1
-:c hoi qmti used for th is year's work , but it. desc ribher the key tvau-; ns .

a tn.d l the r(luatiti tis mvasured i he n i ai n 1)a rdmet er i r tlv e it lo q t, d
yeal s teCstin 1 Jwas the qeoiuet r 'YOf the bond itself. The tes t frm I ho
prov iou sý yea r gave us a good i nd i cat i on o f the magn i tiide oi- the founda r ir
;:C.1iez1 t for it s;inql e band geometry , hut were riot repr'eseni tative' of the-- y.,'iwi~i

o F t~yp i c 1 APF:SI) project. tile. ls (IC SC P itii~d abd

1'icoire 2is a schemati c of the four band geometries tested this year. Ihia
barld i dent if ied as Band A i n the f igure i S a rep~li Cic of thle bonds uIsed J twý<

f irst two years of testinq. This band wats used to verify the experimerlld 1l
ý1tpparaitLS and teChniiueS, adii was used as a control in the experiments. r

I.second two handis, B3 a.nd C, Should hP thought of as transitions between the
or i ~Ina 1 band qeoometry and what it' typical of the current 120imm APFSDS
oh t.ura tor hand. The fourth band , band L', is very s imil1ar to the current I.-O
obturator. Each of the bands was machined with approxiimately a 10 ml ifrr.L-
I r~ence between the outer di ameter' of the b;,tid and the inner di ametert of 0-

cuie barrlel surface. This was done in tan a ttempt to keel) as much of 'the ltmýW
contact wi th the gut) Narrcl as possible. The portions of the hand which

lose contact with the gur barrel Suirface are no longer providing a fotrnda 1
dn(Id therefore do not contribute to the foundation moment. The analysis thoit
has been performed using the material properties of the nyl on ban~ds asAikl

ti~ll1 contact with the. gun barrel at all times. This is most p~robably Hit hi !
r at, actual gutn fi rinrg, but. not niecessarily the case With or tu ts

As stated above, a Nicolet Digital Oscilloscope was used to recoird the criil,:m
iirum the Kistler Load Washer mounted below the i'mp device. Thiz; yeair,.!
oscil loscope with a floppy 'iisk drive was available for- the testing. Thert-

1 l1 of the tests for whilch data was captured were rucorded ont the fl.-ro'
di sk, *and SUbsequently plotted. An ap~penldix of this report cuntains tli',
output plots for each of the recorded events. Also this year it was
liscoverecl that the temperature of the assembly had a si qoi ifi(ant effloc t i

lKi olutcURom f the tests. If we ran the t~ests in the -ittArrioon oil ii hui-o -,
the) magnitude of the tested foundation moment would be considlerably less ~
if the tests were run in the morning, when the assembly was cooler'. Wiý.
('ec ided that this was most probably due to the expans iont of' the dim a ci
itsel f as tihe projectiles were stored inside a heat~ed off ico, and the ii

t-eimmpe?-a tore did not vary. Once this effect was d iscoveredi, the let.C
tests were run before 9:00ai.m. in an attempt to provide cons i.tecy in i
~eýt rcslts , and t o miminimize the effect of the band losing contocl wit!'I
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TEST RESULTS

A total of twenty bands were manufactured for this year's testing, five of
each design. The bands were manufactured with a nominal 0.01 inch (.25mW1)
interference between the outer diameter of the band and the interior gun bore
diameter, as stated before. Some of the bands had less than this amount of
interference. It was originally our intention to have a somewhat larger
interference this year than the 10 mils used last year. A lack of correct
communication between the researchers and the machine shop resulted in incon-
sistent band diameters. This is one of the realities in which any experi-
mental program must live. A table with band diameter measurements before and
after tests is included as an appendix to this report. These measurements are
only approximated, and do not seem to correlate to measured foundation moment.

Of these twenty bands, reliable data were collected for sixteen (16) tests.
Band design A (the band like last year's band) had the least number of
successFul tests, with only two reliable data points (one of the unreliable
data points saturated the scope, with a reading of more than 5000 pounds
force). Most of the other tests provided reliable data, with the exception of
test 2--C (test 2 with the C band), in which the scope triggered before the
firing event. A re-setting of the triggering level solved this problem, and
the rest of the tests provided good data.

Another problem that we had initially was that of loading the projectiles into
the gun barrel. After the first test, in which more than 600 psi was required
to fire the projectile, we applied some silicone lubricant to the inside of
the gun barrel, and the projectiles loaded much more easily. It also required
significantly less gas pressure to fire the projectiles with the lubricatior.
With a lubricated barrel, a third of the gas pressure, or only about 200 psi,
was required to fire the projectiles. The muzzle end of the gun barrel also
required some lubrication, as some of the projectiles stuck in the barrel
during the tests, especially with the reduced firing pressure. This lubrica-
tion of the gun barrel did not seem to have an effect on the measured moment
however, as the magnitude of the moment from Band A with a lubricated barrel
was very similar to the magnitude of the measurements taken last year in which
there wa' . no lubrication. It seems that friction plays only a very small role
if any in the foundation moment. This result is consistent with some findirqs
from the first year of this project, and the fact that the sliding friction
coefficient of nylon against steel is nearly negligible.

The raw data output from the 20 tests is shown in Table 1. Each of thesE
tests was run at an input displacement of approximately 0.09 inches (2.3mm).
Note that Table 1 also includes some additional notes about each of the test.;,
and which of the projectiles stuck in the gun barrel. Table 2 is a reduction
of the data presented in Table I which gives the average force for each of the
bands, and the foundation moment associated with that force. Note that the
test output seems to indicate that bards B and C would provide higher founda-
tion moment than band A. The failtires of three of the band A tests to provide
reliable output prooably can account for this discrepancy. Test 3-A is
included in the average below, as 5000 pounds. The actual force which was
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TABLE 2. Test Result Averages

Band Measured Force Foundation Moment

A 4430 pounds 22,150 in-lb

B 4970 pounds 24,850 in-lb

C 5160 pounds 25,800 in-lb

D 2410 pounds 12,050 in-lb

exerted on the ramp for test 3-A is unknown, but it was at least 5000 pounds.
This will necessarily bring down the average force for band A. The differ-
ences between bands A, B, and C, are therefore not significant, and are in
fact rot statistically significant, because of the low number of successful
tests. It is, however, important to note the differences between the first
three bands and band D. Band D provided only about half of the foundation
moment of the three previous bands. In the analysis work that was done to
model these three bands (to be discussed in the following section of this
report), we obtained a similar difference in the potential foundation moment:.
This is an important result in that it could give credence to the finite
elpment method as a ranking tool for several different rotating band designs.

16-



V . ... W . ..

ANALYSIS OF THREE OF THE FOUR BAND GEOMETRIES

Finite element computations were made using three of the four band geometries.
Figures 3, 4, and 5 show hidden line views of the three dimensional models
used for the finite element work. In all cases, the finite element program
ANSYS(*) was used for the computations. Figure 3 is the model used to esti-
mate the foundation moment for Band A. Figures 4 and 5 are representative of
Bands C and D, respectively. The model shown in Figure 3 is very similar to
what was used for the three dimensional analysis last year. It is, in fact,
the same general model, with a circumferential mesh refinement, and some
slight changes in the band area. The models represented by Figures 4 and 5
are somewhat different. The data storage requirements of the model
represented by Figure 3 were very large. In an attempt to reduce the sizes of
the required data files, the interior portion of the aluminum was modelled by
significantly fewer elements. Even with this reduction in the number of
elements, the analyses using the meshes shown in Figures 4 and 5 required some
60 megabytes of free disk space on an APOLLO DN420(*) computer. This is a
significant expenditure of disk resource, and one not to be taken lightly.
Allocating that much space to a single problem on the computer posed a signif-
icant burden on other users of the system, and could only be accomplished with
the cooperation of all users.

The, finite element computations this year differed from the three dimensional
calculations performed last year in two major respects. First, there were
three different geometries analyzed this year rather than the single geometry
used last year. Secondly, non-linear properties were used for the nylor bands
in this year's analysis. The properties of the band material were assessed as
a portion of this project, but are reported separately, as stated in the
introduction to this report. Figure 6 is a representative stress-strain curve
for the nylon material, and is the one used for the analysis performed this
year. Using this material curve made the analysis non-linear, with an atten-
dant increase in the run times and complexity of the analysis.

Table 4 presents the results of the analysis performed this year. There were
two different input displacements used for each of the three models, 0.1
inches (2.5 mm) and 0.3 inches (7.6 mm). The tests which were run to deter-
mine foundation moment used an input displacement of 0.09 inches (2.3 mm), and
therefore should be compared to the 0.1 inch analysis results. The results of
the analysis predict a foundation moment roughly twice that tested. This is
the result of our inability to accurately predict the boundary conditions at
the band to gun bore interface. It is evident that a good portion of the
nylon band loses contact with the gun barrel inner surface during the input of
the angular disturbance in the test. Even with a fairly large interference
(approximately 10 mils or .25 mm) between the gun bore and the outer diameter
of the band, there is still significant loss of contact. This is the nature
of the experimental apparatus, and

ANSYS is a proprietary Engineering Analysis computer program owned,
distributed, and supported by Swanson Analysis, Inc., Houston, PA.

APOLLO Computer, 15 Elizabeth Road, Chelmsford, MA. DN420 model is
a monochrome workstation computer system.
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FIGURE 6. Nylon Stress-Strain Curve

very little can be done to alleviate the problem. The bands can be machined
with a iarc'er interference, but this poses problems in loading and firing the
projectiles. The hydraulic ran that is used to load the projectiles is
limited to 9 tons of vm force. We use approximately half of the capacity of
the ram to insert the projectiles which have a 10 mil (.25 mm) interference.
Last year we attempted to load a projectile with a 30 mil (.75mm) inter fer-
ence, and were unsuccessful.

TABLE 3. Finite Element Results

Band Geometry Force for .1 inch deflection .3 ir,ch deflection

Straight (band A) 13,000 pounds (5900 kg) 27,500 pounds (12500 kg)

V-band (band C) 11,400 pounds (5180 ko) 22,800 pounds (10400 kg)

V-notch (band D) 6,340 pounds (2880 kg) 15,300 pounds (6950 kg)

It is clear that the boundary conditions of the test and the analysis are
different. We used material properties assessed from the material used to
construct the bands. The finite element results follow the pattern of past
analysis, and show a characteristic drop in magnitude because of the yielding
of the nylon band material. The only major discernible differences between
analysis and test, therefore, are the boundary conditions which should be
applied to the models. These differences arise in two forms. First, we do
not know precisely the magnitude of the input angular disturbance. The facet
used will give nominally a 0.09 inch (2.3 mm) deflection to the rear of the
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projectile. This is if the projectile is centered correctly in the gun
barrel, and if the projectile is made correctly (i. e. straight). This

difference should show up in differences between tests. There are some

differences between the results of the tests, but they are consistent enough

that this difference should be small. The magnitude repirted is also the

average of several tests, and therefore should be fairly free of defects in

the manufacture of the projectile or bands, or of the differences in loading

of the projectiles. The second form of difference is the fact that some of

the band will lose contact with the gun barrel during the test, as stated

above. To assess the magnitude of this phenomenon, we must look at the

geometry of the band to gun barrel interface during the input angular distur-

bance. Figure 7 is the triangle which is made between the gun barrel and the

projectile band at the barrel to band interface. For an input disturbance at

the rear of the projectile of 0.1 inches (2.5 aim), the length of the shortest

side cf the triangle in Figure 7 is about 40 mils (1.0 nn). As stated above,

it is beyond the physical limitations of our ram to load a projectile with
t.his magnitude of interference.

-S..

GUN BARREL

toss of contact
with gun barrel

PROJECTILE Inner surface

angle of
def.ection

FIGURE 7. Geometry of Barrel/Band Interface During Angular Disturbance
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CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

The major conclusion which can be drawn from the first three years of this
project is that the foundation moment is indeed large. In past years it has
been estimated to be approximately equal in magnitude to the overturning
moment generated by having the center of gravity two thirds of' a caliber
behind the center of transverse rotation at maximum launch acceleration.
Early in the ballistic cycle, when acceleration loads are relatively small,
the foundation moment is probably the dominant transverse force on the
projectile. The conclusion reached from the test and analysis performed this
year has proved to further substantiate this result, and has extended it to
the geometries characteristic of current APFSDS projectiles. The foundation
moment measured using this newer geometry was approximately half that measured
using the bands from previous years. However, it is not clear that the tests
are entirely characteristic of an actual gun firing. In any case, the test
results still indicate that the foundation moment is still most probably the
dominant force or a single bore contact projectile early in the ballistic
cycle.

Another conclusion which can be reached from the work done in the past three
years is that the reaction of any projectile to force disturbances in the gun
barrel will indeed be complex and non-linear. The interior ballistic environ-
ment is extremely violent, and of very short duration. Common engineering
assumptions are not necessarily valid in such an environment. Performing
finite element structural computations on even our relatively simple test
apparatus and projectile has proven to be complex and not without significent
difficulties.

The measurement of the foundation moment has progressed about as far as is
practical in light of the results to date, and the limited funding available
at BRL for this work. What has not been estimated to date is the potentipl
for the nylon band to damp transverse oscillations of the projectile. To
begin to write equations of motion for the projectile in the gun barrel, we
must know something about damping. The work which has been proposed as a
continuation of the foundation moment project is intended to mea.sure damping
of the projectile in the gun barrel. After the damping has been measured, we
will at least be able to write a set of equations of motion for the projectile
in the test apparatus. This information should feed directly into work
currently being funded by BRL to attempt to write the complete set of
equations of motion for a projectile in the interior ballistic environment.
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APPENDIX A

OSCILLOSCOP~E TRACES FOR TESTS WITH GOOD DATA
AND BANDI MEASUPRFMMNS srF0RE AND) AFTER~ TESTS

The foillowing pages cotin plots onC f the stored oscil1loscope trace, for each
of the tests whic-h produced data. All of the traces have a characteristic
shape with the projectile riding uip the ramp, and then precipitouISly f'alling
off of the ramp. Note that in every instance the force riding Lip the rallip is
nont-i i neat' with tfime , aiid that the curve is bowed outwards . If the rel ati on-
ship between angular disturbance and foundation moment were linear, this curve
should beý bowed upwards . The effect. that we witness in these plots is most
probably a combination of the yieldlingj of the nylon band and the geometric
non-linearity of the band/gun bore interaction~. It should be also noted that
each test had a different tim,,e duration for the projectile ride up the ramp.
The. time recorded for the shortest event was approximately 6 milliseconds,
whereas the longest event took nearly 70 milliseconds. This is more than an
order of inwqni tude difiference in the ramp contact time. The dIifferences in
contact timc correlate only with the pressure required to fire the
prujectiles, and not the ultimate magnitude of the foundation moment itself,
and are therefore not doeemed significant.

The oscillescope traces are labelled according to the test number shown in
-lable I of the main report. That is, Spec 4 is specimen 4 or band number A-11.

The last page of this appendix contains the bond measurements both before and
after the tests. The mieasuremoents are approximate, in that they were taken

..... a d-held calinci% The measuromenits do show one problem with the
(;xperimlleft, however, ir that they are. inconsistent, and do not seemn to corre-
late with the measured foundatijon moment. It Would seem that a band with a
greater int~erference would have a larger foundation moment, but that doesF not
seem, to be the c,,,( if the% measurements a.re taken at face value. A plausible
explanation of this inconsistency, and the one to which we ascribe, is that
the mieasurements are riot correct, and that a more accurate measuroment tech-
nique should be used in any future testing.
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. TABLE A-I. Band Measurements Before and After Tests

Test Band II Front Before Rear Before Front After Rear After

1 2 1 2 1 2 1 2

1 1.A 5.115 5.117 5.116 5.117 5.107 5.105 5.108 5.108

2 2-A 5.112 5.113 5.115 5.116 5.107 5.111 5,108 5.109

3 3-A 5.113 5.114 5.118 5.114 5.102 5.105 5.105 5.105

4 4-A 5.115 5.111 5.117 5.118 5.110 5,107 5.114 5.115

5 1-B 5.129 5.128 5.125 5.124 5.121 5.121 5.119 5.121

6 2-B 5.123 5.124 5.120 5.123 5.122 5.124 5.123 5.122

7 3-B 5.124 5.125 5.125 5.123 5.114 5.112 5.11.3 5.112

8 4-B 5.112 5.112 5.112 5.113 5.112 5.114 5.116 5.114
9 5-B 5.111 5.115 5.114 5.114 5.113 5.114 5.112 5.112

10 1-C 5.115 5.115 5.110 5.116 5.114 5.114 5.112 5.118

11 2-C 5.114 5.114 5.116 5.118 5.113 5.115 5.113 5.115

"12 3-C 5.115 5.117 5.113 5.118 5.115 5.115 5.112 5.115

13 4-C 5,115 5.116 5.117 5.116 5.114 5.116 5.114 5.113

14 5-C 5.117 5.114 5.112 5.114 5.112 5.113 5.112 5.113

15 1-D 5.110 5.111 5.107 5.113 5.112 5.108 5.110 5.109

16 2-D 5.110 5.112 5.112 5.113 5.110 5.113 5.110 5.109

17 3-D 5.117 5.111 5.112 5.111 5.116 5.113 5.112 5.108

18 4-D 5.109 5.112 5.110 5.110 5.111 5.112 5.107 5.111

19 5-D 5.116 5.114 5.113 5.108 5.112 5.112 5.113 5.108

20 5-A 5.113 5.112 5.108 5.112 5.113 5.113 5.104 5.109
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